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Effects of trampling and soil compaction 
on the occurrence of some Plant ago species
in coastal sand dunes
II. Trampling and seedling establishment
C. W. P. M . B L O M *
S U M M A R Y
#
Experiments were performed to investigate the separate and combined effects of trampling and 
soil compaction on the emergence and establishment of seedlings of four Plantago species in coastal 
sand dunes.
An increase .in trampling intensity resulted in a decrease in establishment of Plantago seedlings. 
Seedlings of Plantago coronopus were very susceptible to trampling followed by the seedlings of 
P. lanceolata and P. media. P. major seedlings were the most resistant to this factor.
On plots in the field as well as in turves under controlled conditions at a low soil-moisture level, the 
highest percentages of emerged Plantago seedlings were observed on the compacted soils, especially 
in case of P. major and P. media.
Particularly on compacted soils covered with a dense vegetation the influence of other plant 
species caused a decrease in the establishment of P. major and P. media seedlings.
RESUM E
Des expériences ont été faites en vue d ’étudier les effets séparés et combinés du piétinement et 
de la compaction du sol sur la levée et l’établissement des plantilles de quatre espèces de Plantago 
dans les dunes sableuses côtières.
Un accroissement de l’intensité du piétinement s’est manifesté par une réduction de rétablisse­
ment des plantilles. Les plantilles de Plantago coronopus sont particulièrement sensibles au piétinement 
suivies des plantilles de P. lanceolata et P. media. Les plantules de P. major sont les plus résistantes 
à ce facteur.
Sur le terrain tout comme dans des conditions contrôlées à humidité du sol faible, les pourcentages 
de germination sont les plus élevées sur sols compacts, tout particulièrement dans le cas de P. major 
et de P. media.
Plus particulièrement dans le cas des sols compactés couverts par une végétation dense l'influence 
des autres espèces végétales a freiné rétablissement des plantules de P. major et P. media.
* Institute for Ecological Research, Department of Dune Research Weevers’ Duin. Duinzoom
20 a, Oostvoorne (The Netherlands).
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1. INTRODUCTION
Recreation and grazing are important factors which may influence the compo­
sition and development of semi-natural vegetation. Many authors have reported 
about the effects of these factors on the environment; surveys of this work can be 
found in C r is p  (1964), T ü x e n  (1966), D u f f e y  (1967) and L i d d l e  (1975 a).
One elTect of both recreation and grazing is trampling which results in compaction 
of the soil. Much of the relevant ecological literature deals with the description of 
changes in floristic composition and in soil characteristics, due to trampling (e. g. 
v a n  d e r  W e r e , 1970; G o l d s m i t h  et cii, 1970; B u r d e n  and R a n d e r s o n , 1972). Other 
authors reported about field and laboratory experiments to determine in more detail 
the effects of trampling on plants. B ates  (1935) performed trampling experiments to 
study resistance mainly of grasses. L e n e y  (1974) studied the effects of trampling on 
the behaviour of some plant species ; shoot damage and root compaction were examined. 
L i d d l e  and G r e i g - S m i t h  (1975 /)) carried out trampling experiments to study the 
shoot damage of Festuca rubra L. K e l l o m à k i  (1973) applied artificial trampling on 
a woodland ground flora and investigated the changes in cover and biomass of the 
plant species present. L i d d l e  (1975 b) demonstrated for a number of vegetation types 
a positive correlation between primary productivity and vulnerability to trampling.
The aim of the present series of papers is to show the reaction of four Plcintcigo 
species through all the stages of their life-cycle to the two factors trampling and soil 
compaction. In this paper three series of experiments are described investigating the 
separate and combined effects of these factors on the establishment of Plcmtcigo seed­
lings. These experiments were designed to simulate as far as possible the field situation ; 
a strongly compacted dune-sand soil is mostly caused by intensive trampling, moderate 
trampling leads to a moderately compacted soil and in the case of extensive trampling 
the upper soil layers are relatively loose. In the first test (1) the four Pkintcigo species 
were sown in pots filled with bare dune sand at various degrees of compaction. In 
this approach no other plant species was present to influence the Pkintcigo species in 
their reaction to the applied trampling regimes. A second laboratory experiment (2) 
was designed to investigate the effects of trampling regimes on the behaviour of the 
Plcmtcigo species growing in vegetation. The species under study were sown in dune 
grassland turves originating from more trampled or less trampled areas. To compare
the results of these tests with the field situation, in experiment (3) the four Plcmtcigo 
species were sown in the dune area on paths with compacted soils, on path-edges
(moderately compacted soils) and on infrequently trampled places with loose soils.
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2. MATERIALS AND METHODS
(1)  T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  b a r e  d u n e  s a n d  s o i l s  u n d l r  c o n t r o l l e d
CONDITIONS
These  exper im en ts  were ca r r ied  ou t  with  seeds o f  Plantago major L.. P. lanceolata L., and  
P. coronopus L., all collected in a d u n e  g rass land  on V o o rn e  (The N e th e r lan d s )  and  with seeds 
o f  P. media  L.. f rom  a cha lk  g rass land  in the so u th e rn  p a r t  o f  T h e  N e th e r lan d s .  T h e  seeds were 
s tored  in envelopes at  ro o m  te m p e ra tu re  for 2 years. O ne  h u n d re d  seeds o f  each species were 
sow n separa te ly  in a po t  (capac i ty  5 I; d iam e te r  20 cm) filled with d u n e  sand  (o rgan ic  m a t te r  
<  0 .5 % )  and  vary ing  in c o m p a c t io n .  T h ree  series were p rep a re d  using the m e th o d  described 
by B l o m  ( 1 9 7 6 ) ;  in series A the soil was loose, in series C there  was m a x im u m  c o m p a c t io n  
and  in series B the c o m p a c t io n  o f  the soil was in te rm ed ia te  between A and  C. Soil c o m p a c t io n  
was d e te rm in ed  by m e a su re m e n t  o f  the soil resistance with a p e n e t ro m e te r  (Fig. 1). T he
Fig . 1. — The penetrometer (length 80 cm; weight 2.2 kg). The values of soil resistance mentioned 
in the experiments with bare sandy soils (experiment 1) were measured with the flat conus A 
(diameter 10 mm). The penetrometer values of the turves experiments (experiment 2) and of 
the field plots (experiment 3) were determined with conus B (diameter 10 mm, height 20 mm). 
Penetrometer values can be determined up to 20 cm below soil surface.
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p e n e t ro m e te r  values (conns  A) at 2 cm  below the surface  were <  0. 1 k g /c m 2 for  series A, 
5 k g /c m 2 for series B, and  10 k g /cm 2 for series C. T h e  w ate r  pe rcen tage  by vo lu m e  in the 
three series was m a in ta in ed  at  21%. A fte r  sowing, the seeds were covered  with a 3 m m  thick 
layer o f  d u n e  sand .  These  exper im en ts  were carr ied  o u t  in tr ip licate  a n d  were p e r fo rm ed  
in a na tu ra l ly  i l lum ina ted  g reenhouse  at 25 ± 5 °C . R .H . 60%. D u rin g  the exper im en ts  vertical 
forces were applied  to s im ula te  t ram pling .  T he  individual p lan ts  were “ t r a m p le d ” with a 
ro u n d  foot, which was d ro p p e d  on to the plants .  Im m ed ia te ly  a f te r  sowing, the following 
t rea tm en ts  were s ta r ted :  series A was t ram p led  once  a day  with a p ressure  o f  0.05 k g /c m 2 
(lightly t ram pled) ,  series B was t ra m p le d  twice daily at 0.15 k g /c m 2 (m odera te ly  t ram pled) ,  
and  series C  was t ram p led  fou r  times a d ay  at 0.25 k g /c m 2 (heavily t ram p led ) .  In each t r e a t ­
ment the force was applied  for 3 seconds.  F o r  c o m p a r i so n ,  L i d d l e  (1975 c/) an d  C a n a  w a y  
(1975) found  values o f  m ore  than  0.2 k g /c m 2 for the vertical forces app lied  to the g ro u n d  by 
a s tan d in g  man.
(2)  T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  t u r v e s  u n d e r  c o n t r o l l e d  c o n d i t i o n s
In April 1974 three  series o f  turves were collected from  the d u n e  g rass land  “ De Heve- 
r ingen” (V oorne ,  T he  N e th e r lan d s ) .  O ne  series (A) o r ig ina ted  f rom  an in frequen t ly  t ram p led  
a rea  with a relatively loose soil (bulk  density  I . 0 2 g / c m 3; p o re  vo lum e  63% ); series B cam e 
from a m o d era te ly  t ram p led  pa th -edge  with a m o d e ra te ly  c o m p a c te d  soil (bulk  density  1 . 11: 
po re  vo lum e 57",,) and  scries C or ig ina ted  from  the m idd le  o f  a p a th  with a c o m p a c te d  soil (bulk 
density  1 .34 ;  pore  vo lum e  48%). T h e  turves  were placed in w o od en  boxes ( 3 0 x  3 0 x  10 cm) 
an d  so i l -m ois tu re  levels were b ro u g h t  to 15% by v o lu m e ;  which was the m ean  value found 
in the lield in spring. A t this m o is tu re  level, the a m o u n t  o f  w a te r  availab le  for the seeds is 
relatively low because  on the one  h an d  the seeds were sown on the soil surface  an d  on the 
o th e r  because  the h u m u s  c o n te n t  in these soils (o rgan ic  m a t te r  ca. 4%) is h ighe r  than  in the 
bare  sand  soils. F o r  3 weeks the turves were kept in a g ro w th  cab ine t  u n d e r  con tro l led  e n v i ro n ­
m ental  co n d i t io n s :  p h o to p e r io d  18 hou rs ,  24°C. R .H .  70%. A fter  this per iod  o f  th ree  weeks 
all Plcnuago p lan ts  were rem oved .  T o  s im ula te  the field s i tua t ion  (rabb its)  the vege ta t ion  
in the turves was cut off to a height o f  3 c m :  this t r e a tm en t  was repea ted  every fortn ight .
T he  turves were divided into two sets, each set cons is ted  o f  tu rves  from  series A, series B 
and  series C. Each tu r f  was sown with a m ix tu re  o f  P. coronopus. P. lanceolata, P. major an d  
P. media  (200 seeds o f  each species); the seeds were d is t r ib u ted  un ifo rm ly  over  the plots.  In 
one  o f  the sets (A ,,  B,, C ,)  no t ram p l in g  t r e a tm e n t  was app lied  (contro ls) .  Im m ed ia te ly  a f te r  
sowing, the o th e r  set o f  turves (A,,  B2, C 2) was t rea ted  with  the fo llowing artificial t r a m p l in g  
regimes. Series A (loose soil) was t ram p led  once a day  with a p ressu re  o f  0 .0 5  k g /c m 2, series B 
(m o d era te ly  c o m p a c te d  soil) once  a day  at  0 .  15 k g /c m 2 a n d  series C  (co m p a c ted  soil) twice 
daily at 0 .2 5  k g /c m 2, hereaf te r  referred to as lightly t r am p le d ,  m o d era te ly  t r a m p le d  and  
heavily t ram p led ,  respectively. T h e  m e th o d  o f  t r a m p l in g  is descr ibed  u n d e r  section 2,1. In 
c o m p a r iso n  with the exper im en ts  with the bare  sand ,  the t ram p l in g  pressures  in the three 
series were the same, b u t  the t ram p l in g  frequencies  applied  to the turves B, an d  C 2 were halved. 
P re l im inary  exper im en ts  with turves  did d e m o n s t ra te  th a t  with  the frequencies  used in exper i­
m ent (1) the Plantago  seedlings and  the s u r ro u n d in g  vege ta t ion  died off a f te r  a sho r t  period .
D u r in g  the exper im en ts  (1) an d  (2) the n u m b e rs  o f  living an d  dead  seedlings were coun ted .  
Seedlings were cons idered  to have em erged  when the co ty ledo ns  a p p e a re d  ab o v e  g ro u n d  
an d  ind iv iduals  were cons idered  dead  when the whole  p la n t  lackcd any  green parts .  A t the 
beg inning  a n d  at  the end  o f  the  exper im en ts  p e n e t ro m e te r  values were d e te rm ined .
(3) S o w i n g  e x p e r i m e n t s  u n d e r  f i e l d  c o n d i t i o n s
F o u r te e n  plots  were chosen  on g rass lan d  in the d u n e  a rea  o f  V oorne ,  six o f  them  in the 
m iddle  o f  pa ths  ( V , — V 6), five p lots  on edges o f  p a th s  ( M , - M 5), and  three  on sites rarely
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t r a m p le d  by people  (O, — O,).  Besides t ram p l in g  and  soil c o m p a c t io n ,  o th e r  factors  inc luding  
the soil m o is tu re  and  the he igh t  and  cover  o f  the vege ta t ion  layer can influence the em ergence  
and  es tab l ishm en t  o f  seedlings. T h e  vegeta t ion  on pa ths  in the d u n e  g rass land  is m ostly  low, 
and  the soil surface  is no t  entire ly  covered  by plants .  T he  herb  layer is taller on the edges o f  
the p a th s  than  in the middle,  an d  the en tire  soil surface  is covered  by vegeta t ion .  O n  sites 
with loose soil, rab b i ts  keep the vegeta t ion  layer open  an d  m ostly  very low. In choos ing  the 
plots  som e diversity  in soil m o is tu re  c o n te n t  cou ld  no t  be avoided .
A t the beg inn ing  o f  April  1974, the plots  (30 x 30 cm) were sow n with a m ix tu re  o f  
P. lanceolala, P. coronopus, P. major, an d  P. media (200 seeds o f  each species) d is t r ibu ted  
un ifo rm ly  over the plots. Every fo r tn igh t  d u r in g  6 m o n th s  the loca t ion  an d  p e r fo rm a n c e  
o f  the individual p lan ts  were reco rded  on a m ap  (scale 1 : 1 ) .  C o n t ro l  p lo ts  close to  the sown 
plots  were s tudied  to get an  im press ion  o f  the s p o n ta n e o u s  a p p e a ra n c e  o f  the Plantago species.
In all exper im en ts  the differences between g ro u p s  o f  replicates were tested with the X 2 
test o f  in dep enden ce  o r  F isher 's  exact test. In case o f  P. major, seeds o f  ssp. major were used.
3. RESULTS
( 1 ) TRAMPLING EXPERIMENTS WITH SEEDS SOWN ON BARE DUNE SAND UNDER CONTROLLED
«
CONDITIONS
These experiments investigated the effects of three artificial trampling regimes 
on the emergence and establishment of four Plantago species which were sown in pots 
filled with dune sand at different degrees of compaction. Figure 2 (a-h) shows the 
percentages of seedlings, which had survived the treatments, as well as the percentages 
of dead individuals. The total percentages of seedlings which had emerged during this 
experiment are given in Table I ; the differences between series A and C are significant 
at the 0.5% level for P. /anceolata and P. coronopus and at the 5% level for P. major.
T a b l e  I
The effects o f  different trampling regimes on the emergence o f  Plantago seedlings on hare sandy soils 
(mean values of three replicate experiments in percentages; calculated at the end of the test with 
reference to the numbers of sown seeds per species)
Lightly
trampled
A
Moderately 
• trampled 
B
Heavily
trampled
C
P. lanceolata.................................... 98 91 87
P. coronopus .................................... 92 77 72
P. major............................................. 69 63 60
P. media............................................ 61 58 57
The light and moderate trampling treatments (series A and B) resulted in a high 
mortality of P. coronopus, whereas all the P. major seedlings which emerged became 
established [Fig. 2 ¿ /a n d /) .  In the lightly trampled series, the mortality rate was lower 
than the rate of emergence; therefore no decrease in total numbers of plants of each 
species took place. A heavy trampling regime (series C) resulted in the death of a consi­
tome 12, n° 4 - 1977
368 C. W. P. M. BLOM
derable number of the seedlings of, respectively, P. coronopus, P. lanceolata, and 
P . media. The decrease in numbers of living P. major plants started 12 days after sowing 
and at the end of the test the mortality of this species reached to 50%.
Even 3 days after sowing, the differences in numbers of dead P. coronopus indi­
viduals between the series A and C and between the series B and C were significant 
(P <  0.005). After 11 days the differences in numbers of dead P. coronopus plants 
between the lightly and moderately trampled series also became significant (P <  0.005). 
For P. lanceolata as well as for P. media significant differences in numbers of dead
w
individuals were observed between series A and C, and between B and C after 11  days 
(P <  0.005). Two days later, the differences in numbers of dead P. lanceolata plants 
between the series A and B were significant (P < 0.025). At the end of the test the
Plantago lanceolata (alive) (a ) Plantago lanceolata (dead) (5 )
Plantagocoronopus «alive) (c )  Plantagocoronopus (dead)
(Ecologia Plant arum
T R A M P L I N G  A N D  SEEDLING ESTABLISHMENT 369
Plantago major <alive) © Plantago major (dead) ©
Plantago media olive) © Plantago media (dead) ©
days days
F ig . 2. — The establishment of Plantago seedlings in artificially trampled pots filled with bare sand 
of varying degrees of compaction. Graphs a, c, e and g show the percentages of living seedlings 
in relation to the numbers of seeds sown. Graphs b, d , f and h present the percentages of dead 
seedlings calculated with reference to the numbers of seedlings which emerged in the preceding 
period. • ,  series A; loose soil, lightly trampled; A ,  series B; moderately compacted soil, mode­
rately trampled; ■ ,  series C; compacted soil, heavily trampled.
numbers of dead P. media individuals found in the lightly trampled series differed 
significantly from those in the moderately trampled series (P <  0.005). For P. major 
the data of the heavily trampled series differed significantly from those of the lightly 
trampled series after 13 days and from the data of the moderately trampled series 
15 days after sowing (P <  0.005).
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The present experiments clearly show that on bare sandy soils P. coronopus 
seedlings are most sensitive to trampling followed by P. Icmceolcitci and P. media 
seedlings. The effects of trampling on the behaviour of P. major seedlings are more 
limited: only in the heavily trampled series was mortality observed. All species in 
the heavily trampled series exhibited smaller and fewer leaves. At the end of the test 
the penetrometer values in series A had been raised to about 0 .4  kg/cm2, in series B 
to 8 kg/cm2 and in series C to 11.5 kg/cm2. It was remarkable that a week after the 
end of the trampling treatments, the soil resistance at 2 cm below surface had decreased 
(A: 0 .2  kg/cm2, B: 6.5 kg/cm2, and C: 10 .8  kg/cm2); this was probably due to the 
mechanical effect of root activity.
(2 )  T r a m p l i n g  e x p e r i m e n t s  w i t h  s e e d s  s o w n  o n  t u r v e s  u n d e r  c o n t r o l l e d
CONDITIONS
These experiments attempt to explore the interaction of the surrounding vege­
tation, the density of the soil and various trampling regimes on the seedling emergence 
and establishment of four Plant ago species. The species were sown on turves originat­
ing from a dune grassland and collected from an untrampled site (series A), a path-edge 
(series B) and from a path (series C). Table II presents a description of the vegetation 
of the turves.
In one set of turves (A,, B,, C,) no trampling regimes were applied in order to 
study the effects of the surrounding vegetation and the soil density on the behaviour 
of the Plantago species {Fig. 3). In the second set of turves (A2, B2, C2) three artificial 
trampling regimes were carried out (Fig. 4).
As illustrated in Table III, increasing compaction of the soil (A, —► C ,) resulted in 
a significant increase in emerged seedlings. Already 8 days after sowing the differences 
between A, and C, in numbers of living plants {Fig. 3) became significant for each 
species, P. lanceolata (P <  0.005), P. major (P <  0.005), P. coronopus (P <  0.005) 
and for P. media (0.005 <  P <  0.01). The shapes of the curves in Figures 3 a and e 
demonstrate that, in particular for P. coronopus, the differences in numbers of living 
plants between A, and C, became smaller in the course of the experiment. At the end 
of the test the numbers of dead plants observed in series C, were significantly higher 
than those in series A , for P. major (P <  0.005), P. media (P <  0.005), and P. lanceolata 
(0.025 < P  < 0 .0 5 ),
The light trampling regime caused a high mortality of P. coronopus whereas the 
greater part of the P. lanceolata plants survived this treatment (Figs. 4 a, b). The 
relatively high mortality of the P. major and P. media seedlings in the lightly trampled 
turves is caused by the combined effects of trampling and the low soil-moisture level 
(cf. B l o m , 1976). 49 days after sowing, the differences in numbers of dead individuals 
between the lightly and moderately trampled turves became significant for P. lanceolata, 
P. coronopus and P. media (0.01 <  P <  0.025); this increase of the trampling caused
(Ecoloyia Plant arum
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T able  II
Vegetation analysis (*) performed in the turves collected from a dime grassland. 64 days after sowing (experiment 2)
Turves A A, B B C C,
S ite ..........
Area (cm)
Treatment
Herb layer % cover ..................
Moss layer % cover.................
Total % cover .............................
Mean height herb layer (cm)
Plant ago lanceolata....................
PI ant ago coronopus....................
PI ant ago major...........................
Plantago media ...........................
Hypnu’m cupressiforme.............
Tortula rural is .............................
Cladonia fur cat a .........................
Sedum acre...................................
Festuca rubra...............................
A renaria serpyllifolia.................
A gros t is tenuis.............................
Stellar ici media.............................
Rumex acetosella........................
Poa annua.....................................
Luzula camprestris.....................
Bromus mollis..............................
Polytrichium juniperinum .........
Trifolium dubiutn........................
A ira praecox ................................
Loose soil 
30 x 30
Loose soil 
30 x 30 
f Lightly 
I  trampled
Path-edge 
30 x 30
Path-edge 
30 x 30 
Moderately Ì 
trampled J
Path
30 x 30
Path
30 x 30 
Heavily 
trampled
70 85 60 55 90 85
30 10 80 50 15 5
92 85 99 96 97 90
8 6 6 5 7 4
1 j, v 6 j, v 1 j, v 1 j, v 1 j< v 0 .4  j, v
1 j, v 0 .4  j, v 2 j, v 0.1 j, v 1 j, v -
2 j, v 0 .4  j, v 2 j, v 0 .4  j, v 1 J, v 0 .4  j, v
1 j, v 2 j, v 0 .4  j, v 0 .4  j, v 0 .4  j, v 0 .4  j, v
3 0.2 5 4 1 0.4
0 .4 0 .4 0 .4 0 .4 1 -
0.2 0.1 0.2 - 0.2 -
0 .4  v 0.1 v 0 .4  v 0.1 v - -
0.1 v - 2 v 1 v 2 v 1 V
0 .4  v 0.2  v 0.2  v - 0 .4  v -
- - 1 v 2 v 0 .4  v 2 v
0.2  j 0.2  j 0.2  j — - -
1 kn, v 0 .4  v — 0.4  v, kn —
- - - — 3 v, 11 5 v, fl
- - 0 .4  v 1 V - -
- - 0.2  kn 0.1 v - -
- — 0.2 0.2 - —
— — 0.4  v 0.2  v - -
0.1 v
' 1
- 0.1 v
L
Addenda: (A,) Hieracium piloseUa 0 . 1 v; Erodium cicutarium 0 .4  v; Carex arenaria 0. 1 v; Lolium perenne 0.1 v; Vicia lathyroides 0.1 v; 
(B,) Ceraslium arvense 0.1 v; Anthoxanthum odoratum 0 .2  v; Cerastium holosteoides 0 .4  v; (C,) Lotus corniculatus 0 . 1 v; (C,) Taraxacum 
erythrospennum 0.2  v.
(*) symbols (following L o n d o , 1975): 0.1, basal coverage 1%; 0.2, basal coverage 1-3%; 0.4, basal coverage 3-5%; 1, basal coverage 
5-15%; 2, basal coverage 15-25%; 3, basal coverage 25-35%; 4, basal coverage 35-45%; 5, basal coverage 45-55%; 6, basal coverage 55-65%. 
j, most of the plants are juvenile; v, most of the plants are vegetative; kn, plants with buds; fl. flowering plants.
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Fig. 3. — The establishment of Plantago species in untrampled turves originated from an untrampled 
site (A,), a path-edge (B,) and the middle of a path (C,) in a dune grassland on Voorne (The 
Netherlands). Graphs a, c and e show the percentages of living plants in relation to the numbers 
of seeds sown. Graphs b, d and ƒ  present the percentages of dead individuals calculated with 
reference to the numbers of seedlings which emerged in the preceding period.
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A 2. LOOSE SOIL.
LIGHTLY TRAMPLED
B2 MODERATELY 
MODERATELY
COMPACTED SOIL. 
TRAMPLED
▲ % deiid
C2 COMPACTED SOIL. 
HEAVILY TRAMPLED 4 % dead
days35
▲ Plantago lanceolata xP.coronopus o P major • P media
F i g .  4 . — The establishment of Plantago species in artificially trampled turves originated from an 
untrampled site (A2), a path-edge (B2) and the middle of  a path (C 2) in a dune grassland on Voorne 
(The Netherlands). Graphs a, c and e show the percentages of living plants in relation to the 
numbers of seeds sown. Graphs h, cl and ƒ  present the percentages of dead individuals calculated 
with reference to the numbers of seedlings which emerged in the preceding period.
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only a small increase in dead P. major seedlings (Figs. 4 b, cl). Three weeks after sowing 
most of the P. coronopus and P. fanceolata seedlings had already succumbed to the 
heavy trampling regimes in series C2 (Figs. 4 e, ƒ ) .
At the end of the test significant differences in numbers of dead plants between 
the lightly and heavily trampled series were observed for P. lanceolata and P. media 
(P < 0.005). At that time P. coronopus and P. major showed no significant differences 
between these series. This was because the greater number of the plants of P. coronopus 
died olT already in the lightly trampled turves, and because increasing trampling was 
not followed by a noticeable increase in numbers of dead individuals of P. major.
Comparison of the results obtained in the trampled series with those of the equi­
valent controls demonstrates that, at the end of the test, the numbers of seedlings 
which had emerged were, in general, significantly the highest in the controls (Table III). 
Only for P. lanceolata and P. media, the emergence and number of living plants in 
the lightly trampled turves were significantly higher than in the controls.
T a b le  III
The effects o f  different trampling regimes on the emergence o f  Plantago seedlings 
on turves originated from a dune grassland on Voorne (The Netherlands)
The total numbers of seedlinus which had emerged have been calculated from the numbers ol living and 
dead seedling 3 and 4) and arc uiven as a percentage of the numbers of sown seeds per species
Untra mpled 
loose soil
A,
Lightly 
trampled 
loose soil
Untra mpled 
moderately 
compacted 
soil
Moderately
trampled
moderately
compacted
soil
B,
Untra mpled 
compacted 
soil
c ,
Heavily
trampled
compacted
soil
c 2
P. lanceolata................. 35 87 54 29.5 73'. 5 24
P. coronopus................. 28 10 23 4 50 8.5
P. maior ......................... 42.5 10 48 39 89 67
P. media ........................ 26 37.5 34 20 70 27.5
As compared with the controls all species showed a higher mortality in the 
trampled set of turves. Between the series B, and B2 the first significant differences 
were observed for P. coronopus after 35 days (0.025 <  P <  0.05), for P. lanceolata 
after 49 days (0.025 <  P <  0.05), for P. major after 64 days (P <  0.005) and for 
P. media at the end of this experiment (P <  0.005). Between the series C, and C2 
significant differences in numbers of dead plants were found for each species from 
21 days after sowing (P <  0.005).
The high numbers of dead plants in the trampled set of turves must be ascribed to 
the trampling factor; the comparison between the series B, and B2 shows that 
P. coronopus especially is more susceptible to trampling than the other species. 
Moreover the results obtained in the trampled turves clearly demonstrate that P. major 
and P. media seedlings are more resistant to trampling than the seedlings of P. lanceolata 
and P. coronopus. It was observed that the death of seedlings was caused by damage 
to the first leaves.
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Table II gives an indication of the reaction of other plant species to trampling 
and soil compaction. For example, Stellaria media does not grow in turves B2, C, and 
C2 and Trifolium dubium only in turves B, and B2, whereas Poa annua appeared to be 
very resistant to trampling and soil compaction.
During this experiment the mechanical soil resistance in the untrampled turves B, 
and C, has decreased (Table IV); probably the soil had been loosened by the roots. 
The trampling regimes in series A 2 and B2 caused an increase of soil compaction 
whereas in series C 2 a decrease in soil resistance was observed. Due to the optimal 
conditions in the growth cabinet, the vegetation cover in turves C2 was very dense. 
Compared with the paths in the field the increase of the root growth in turves C 2 
caused, in spite of heavy trampling, a decrease in soil compaction. In the field the 
penetrometer values were also measured in August 1974. On the paths and on the 
path-edges no differences were observed as compared with the April values; only 
on the scarcely trampled sites (A) had the penetrometer values increased to
7.6 ±  2 . 2  kg/cm2.
T able  IV
Penetrometer values (kg/cm2) with conus B (sec Fig. 1) at 5 cm below the soil surface o f  the turves (expe­
riment 2). The soil resistance was determined before and at the end o f  this experiment (mean values 
of ten measurements with standard deviation)
Turves A, B, c, a 2 b 2 c 2
Before....................
E n d ........................
4.2 ± 1.9
4.2 ± 0.6
11.0 ± 3.2 
9.2 ± 2.2
19.4 ± 4.6 
14.2 ± 4.0
2.9 ± 0.8 
6.8 ± 1.2
9.8 ± 2.4 
13.8 ± 2.4
20.0 ± 2.8 
16.6 ± 2.6
A,, untrampled, loose soil; B,, untrampled, moderately compacted soil; C,, untrampled, 
compacted soil; A2, lightly trampled; B2, moderately trampled; C2, heavily trampled.
The turves experiments were repeated three times. In spite of the fact that the 
other tests were carried out with other turves, the results were in principle similar 
to those described above.
(3) S o w i n g  e x p e r i m e n t s  u n d e r  f i e l d  c o n d i t i o n s
The aim of this experiment was to obtain information on the effects of trampling, 
soil compaction, soil moisture and competition from surrounding vegetation on the 
emergence and establishment of Plantago seedlings in the field. Table V shows the data 
of some environmental factors related to the total percentages of Plantago species 
which had emerged and which had succumbed during the test. Seeds of P. lanceolata 
and P. coronopus were able to germinate on untrampled sites with a loose, dry soil. 
On the path-edges significantly more plants of P. lanceolata occurred than P. coro­
nopus, P. major and P. media plants (P < 0 .0 5 ) .  All four species but particularly 
P. major occurred more frequently on the trampled plots than on the other sites. With 
reference to the numbers of sown seeds per species on sites V, and V5 more P. lanceolata 
had established than the other species at the end of the test. Site V6 showed most
tome 12, n° 4 - 1977
T able  V
S o m e  environm enta l factors relating to the em ergence and  m orta lity  
o f  Plantago seedlings from  seed  sown in p lo ts  in the dune area on Voorne  (The Netherlands)
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P. major, whereas on site V3 more P. lanceolata and P. major were found than the other 
species. On sites V2 and V4 more P. lanceolata and P. coronopus has emerged than 
P. major and P. media. These differences are all significant at the 5% level.
In these field experiments the occurrence of Plantago was dependent on the effects
of a complex of partly unknown factors, including the numbers of Plantago seeds
already present in the plots at the start of the research period, the numbers of seeds
migrating into a plot, and the numbers of seeds that disappeared from a plot during
this period. Control plots were investigated to get an impression of the seedlings
naturally present on sites comparable with the sown plots. It appeared that few
P. lanceolata plants were present in the vicinity of any of the experimental plots, some 
P. coronopus plants occurred in the immediate surroundings of plots M 2, M 3, V2, V3
and P. major grew sparsely near plots V3, V5 and V6.
The combined effects of trampling, compaction, moisture level, fluctuations in 
soil moisture and competition are important for the occurrence of a plant. In compa­
rison with the other species, P. lanceolata was most tolerant of the factors indicated 
in Table V.
4. DISCUSSION
Trampling and soil compaction are important ecological factors which influence 
the occurrence of Plantago species in coastal sand dunes. In the field the mechanical 
compaction of the soil is often caused by trampling. Under natural conditions, it is 
very difficult to distinguish the separate effects of these two factors on the germination, 
emergence and establishment of the seedlings and on the other stages in the life-cycle 
of plants. Experiments are described to study the relative and combined effects of soil 
compaction and trampling on the early stages in the life-cycle of Plantago species. In 
the tests with the bare, damp sandy soils the highest numbers of emerged seedlings 
were found on the loose substrates (Table I). In the untrampled set of turves with 
the relatively low soil-moisture levels it was observed that the increase of soil com­
paction resulted in an increase in emergence of the Plantago seedlings (Table III). 
These results confirm previous observations ( B l o m , 1976). H a r p e r  et al. (1965) 
found that compaction causes an increase in emergence of P. lanceolata, P. major 
and to a lesser extent, P. media; L i d d l e  and G r e i g - S m i t h  (1975 ¿>) demonstrated 
a positive response in growth of Festuca rubra to soil compression. In relatively dry 
sandy soils the positive correlation between compaction and seedling emergence 
must be ascribed to a better water availability in compacted soils than in loose substrates. 
The increase in water holding capacity with soil compaction was also discussed by, 
for example, L i d d l e  and G r e i g - S m i t h  (1975 a) for dry sandy dune soils and by 
K r u g e r  (1970) for diluvial loamy sand and alluvial meadow soil.
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The effects of trampling on the occurrence of plant species are dependent on the 
intensity of the trampling regimes as well as on the conditions of the soil, the season 
of the year ( E d m o n d , 1962, 1963) and the composition and cover of the surrounding 
vegetation. Furthermore, light or moderate trampling can increase the micro patterns 
of soil factors which results in an increase in the diversity of plant species ( v a n  L e e u - 
w e n , 1966, W e s t h o f f , 1967, and v a n  d e r  M a a r e l , 1971). In the experiments with 
the bare sandy soils, described in this paper, the total emergence of the Plantago 
seedlings from buried seeds seems not to be reduced by the trampling regimes (c f  
Paper I and Table I). Only effects, due to trampling, on the establishment of the seed­
lings were observed (Fig. 2). The results presented in Figures 3, 4 and Tables III and V 
demonstrate that the effects of trampling on the occurrence of Plantcigo seedlings 
growing in vegetation, are more complicated. In the turves experiments the light 
trampling resulted in many living P. lanceolata and P. media plants (Fig. 4 a). Appa­
rently, the relatively large seeds of these species were pressed into the soil by the light 
trampling, which resulted in a better seed-soil contact and thus more seeds germinated 
(Table III). It is likely that these effects are more limited in the case of smaller seeds. 
The low calculated values of emerged P. lanceolata and P. coronopus seedlings 
(Table III) in the heavily trampled turves (C2) indicate that these species died off at a very 
early stage in their life-cycle. In the turves experiments the emergence as well as the 
numbers of living plants of P. major increased with an increase in the trampling inten­
sity (Table III and Fig. 4). In particular for P. major and P. media the death of the 
seedlings growing in the heavily trampled turves must be ascribed to the combined 
effects of trampling and the influence of other plant species (cf. Figs. 3 and 4). The 
relatively high percentages of dead individuals in the untrampled turves C, must be 
attributed to competition; P. major and P. media seem to be more influenced by this 
factor than the other Plantago species. Probably the competition pressure from the 
surrounding vegetation is lower in the loose than in the compacted soils. This can be 
explained by the fact that when turves (thickness 10 cm) were collected the roots in 
the loose soils were more damaged than those in the compacted soils; plants growing 
in a loose substrate possess longer roots than those growing in a compacted soil (cf. 
S c h u u r m a n , 1971). Furthermore, the water availability in compacted soils is better 
than in loose substrates, which leads to a better plant growth, and thus to more compe­
tition in the turves with compacted soils (see Table II, cover of the herb layer).
Clearly, the results obtained in the sowing experiments in the field are reflections 
of the effects of several environmental factors. These results showed an increase in 
emergence of all species at increasing trampling intensity and soil compaction (Table V). 
On the plots with a relatively dry soil, no noticeable emergence of P. major and P. media 
seedlings took place (c f  B l o m , 1976). Fewer P. lanceolata plants succumbed on paths 
than would be expected from the other experiments (Figs. 2 and 4). The fluctuating 
trampling intensity probably increased the survival of P. lanceolata seedlings. Some 
indications exist that, under natural conditions, the establishment of P. lanceolata from 
sown seeds is more succesful than in case of other Plantago species (e. g. S a g a r  and
QLcolocjia Plant arum
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H a r p e r ,  1960). P. coronopus occurred mostly on the incompletely covered sites. The 
highest numbers of living P. major seedlings were found on trampled and damp plots. 
On these plots the influence of other plant species was probably lower than on the 
greater part of the other plots; the surface was not entirely covered by vegetation. 
In the field P. media was found in the least numbers; this species does not occur naturally 
in sand dunes. The results obtained in the field plots demonstrate a higher resistance 
to trampling for the P. major seedlings than for the seedlings of P. coronopus.
In ecological literature P. major, P. lanceolata and P. coronopus are often given 
as indicator species for trampling. The observations described in this series of papers 
prove that an experimental approach is necessary to understand the direct and indi­
rect effects of trampling (e. g. through damage to plants and through soil compaction). 
Furthermore, it is important to distinguish the effects of trampling and of soil com­
paction on the emergence and establishment of seedlings and on the other stages in 
the life-cycle of plants. Trampling strongly decreased the establishment of P. coronopus 
seedlings, whereas in the field this species occurs regularly on heavily trampled sites. 
This contrast must be explained by the fact that the germination of P. coronopus seeds 
occurs mostly in early spring and in autumn; in these seasons the trampling intensity 
by people or cattle is, in general, very low or even zero. Furthermore, seedlings of 
P. coronopus are often observed in gaps between stones where they are protected 
against trampling. The roots of P. coronopus seedlings are very capable of penetrating 
compacted sandy soils ( B l o m , 1976). It is possible that older plants of this species are 
more tolerant of trampling. In a forthcoming paper the reaction of older Plantago 
plants to trampling and soil compaction will be discussed.
In conclusion it can be stated that the emergence o f  Plantago seedlings is influenced 
by the degree of soil compaction in relation to the soil moisture level (Paper I). The 
capacity of the seedlings for establishment depends on the trampling intensity. P. coro­
nopus seedlings are very susceptible to trampling, followed by the seedlings of P. lan­
ceolata and P. media. The resistance to trampling appears to be the highest for P. major 
seedlings.
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